Objectives: Free radicals are implicated in many diseases. The rise in free radicals associated with antioxidant de®ciency results in tissue damage. The pathogenesis of oedema and anaemia commonly found in children with protein-energy malnutrition (PEM) has been suggested to be caused by an imbalance between the production of toxic radicals and their safe disposal. The aim of this study was to evaluate antioxidant status in children with PEM. Design: A total of 68 children (age range: 3 months to 3 years) living in Cairo, Egypt were recruited. Forty-six of these subjects had different degrees of PEM; they were admitted at the Abo-Elrish Hospital, Cairo. Of these, 26 children had kwashiorkor (KWO) and twenty had marasmus (MAR). Twenty-two age and sex matched healthy well-nourished children were recruited from the local community, and used as controls. Methods: The antioxidant status of the study population was determined by measuring copper-zinc superoxide dismutase (Cu ± Zn, SOD) in red blood cells, glutathione peroxidase (GPX) in whole blood, and ceruloplasmin in plasma. In addition, the plasma levels of trace-elements involving antioxidant activities, such as copper (Cu), zinc (Zn), and selenium (Se) were determined, along with a select group of vitamins. The latter included vitamin A (retinol), vitamin E (a-tocopherol) and vitamin C (ascorbic acid). Results: The mean whole blood GPX activity along with plasma levels of vitamins A, E and C as well as ceruloplasmin, Cu and Se were all lower in children with either KWO or MAR than their corresponding control subjects. The erythrocyte SOD activity, on the other hand, was increased while the plasma Zn concentrations were either increased or not changed in the malnourished children. It was of interest that while haemoglobin concentrations were decreased, the plasma free iron (Fe) levels were signi®cantly increased in children with KWO. Conclusions: The signi®cant increase in red cell SOD activity associated with the decrease in plasma ceruloplasmin, antioxidant vitamins and the whole blood GPX activity in PEM children suggest that these children are potentially susceptible to high oxidative stress. An elevated plasma Fe concentrations, especially with KWO may augment the harmful effect of free radicals with a clinical consequence of oedema. Sponsorship: This study was ®nancially supported by The
Introduction
Kwashiorkor (KWO) and marasmus (MAR) are clinical consequences of severe protein-energy malnutrition (PEM). The latter is often associated with haemolytic anaemia (Vertongen et al, 1981 ). An oxidative haemolysis has been suggested to be a possible mechanism for erythrocyte destruction leading to the PEM-associated anaemia (Golden & Ramdath, 1987) . This hypothesis is supported by reduced levels of antioxidant enzymes (Vertongen et al, 1981; Sive et al, 1993; Subotzky et al, 1992; Houssaini et al, 1997) and their cofactors found in patients with PEM. Therefore, erythrocyte copper-zinc superoxide dismutase (Cu ± Zn, SOD) and selenium-glutathione peroxidase (GPX) along with plasma concentrations of copper (Cu), zinc (Zn) and selenium (Se) have been reported to be low in malnourished subjects. In addition, the status of vitamin E, an antioxidant, has been shown to be affected in malnourished children as evidenced by its low plasma levels and ratio to the total lipid (Laditan & Ette, 1982) .
This present study was undertaken to investigate an overall antioxidant status of a select group of children with PEM living in Cairo, Egypt. The purpose of this study was not only to investigate the antioxidant status including antioxidant enzymes and their co-factors but also to compare these indices between MAR and KWO. The latter is important, because the two conditions are the consequences of PEM and yet they are symptoms of distinct clinical manifestations. KWO is therefore characterized by hypoalbuminaemia and oedema, while MAR is characterized by severe wasting and without oedema.
Subjects and methods

Subjects
A total of 68 children (age range: 3 months to 3 years) living in Cairo, Egypt, were recruited. Forty-six of these subjects were suffering from different degrees of PEM; of these, 26 children had KWO and 20 had MAR. They were admitted at the Abo-Elrish Hospital, Cairo. Twenty-two children age and sex matched with no sign of malnutrition were recruited from the community and used as control subjects. All subjects were of the same socioeconomic background. None of these children were using neither micronutrient supplementations nor any medications. The anthropometric measurements of the study subjects are given in Table 1 .
Haematology
Heparinized venous blood samples from malnourished subjects were collected on the day of their hospital admissions. Using a Coulter Counter (Model, M4.30; Coulter Electronics, INC, Cairo), haemoglobin (Hb), haematocrite (Hct) %, as well as red blood cell (RBC) and white blood cell (WBC) counts, were determined in an aliquot of whole blood. The SOD and GPX activities in erythrocytes and whole blood, respectively, as well as plasma ascorbic acid, were measured on the same day as blood was collected. The separated plasma was stored at 7 70 C and subsequently transported in dry-ice to the University of Alberta for the analysis of trace-elements, vitamins, and proteins.
Antioxidants
The SOD and GPX activities were determined using the respective kits (Cat. Nos. SD125, RS 505 and NX 232, respectively) supplied by Randox Laboratories, Monterial, Canada. The SOD activity was measured using an appropriate whole blood SOD control (Cat. No. SD126). This method employs xanthine and xanthine oxidase to generate radicals which react with 2-(4-iodophenyl)-3-(4-nitrophenyltetrazolium chloride (INT) to form a red formazan dye. The enzyme activity was then measured by the degree of inhibition of this reaction. Aliquots of whole blood (0.5 ml) were centrifuged at 3000 rpm for 10 min, and plasma was separated. The erythrocytes were washed three times with isotonic saline solutions (0.9% Na Cl), centrifuged for 10 min at 3000 rpm after each wash, and lysed in a total volume of 2 ml of ice-cold double deionised water. The lysate was then left to stand at 4 C for 15 min. The lysate was subsequently diluted with 0.01 M phosphate buffer, pH 7.0 and measured at 505 nm using 50 ml of sample, at 37 C in a total reaction volume of 2000 ml. The GPX activity was measured using an appropriate whole blood control (Cat. No. SC 692) . This method was essentially based on that of Plagia & Valentine (1967) .
Plasma proteins
Using a kit supplied by Boehhringer Mannheim (Cat No. 124281) and Behring Standard Human Plasma (Behringwerek AG, D-35001 Marburg, Germany), plasma total protein (PTP) was measured by Biuret method (Doumas, 1975) . Plasma albumin was measured by a Stanbio Albumin Colourmetric Test (Fisher Scienti®c Ltd., Germany) based on the bromocresol green dye at pH 4.2 giving a coloured complex (Doumas et al, 1971 
Vitamins and inorganic elements
Plasma retinol and a-tocopherol were assayed by highperformance liquid chromatography (HPLC) using all-trans retinol and a-tocopherol (Sigma Chemical Co., St. Louis, MO) as external standards, respectively (Nierenberg & Lester, 1985) . Plasma ascorbic acid was measured by colourimetric method, using trichloroaceticacid and 2,4-dinitrophenylhydrazine (Albanese et al, 1975) . Plasma trace element analysis, including iron (Fe), Cu, Zn and Se were determined using an inductive coupled plasma-mass spectrometry (ICP-MS) technique (Shaole et al, 1997 ). An aliquot of 0.5 ml of plasma sample was diluted 5-fold with 0.14 mol L 71 of high-purity nitric acid (double-boiling distilled in quartz) and an indium standard solution was added to each sample and standard solution as the internal standard for the ICP-MS analysis (Shaole et al, 1996) . The isotopes 57 Fe, 65 Cu,
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Zn and 77 Se, were used for the analysis of Fe, Cu, Zn and Se respectively. The analytical accuracy of the method was tested using a standard reference material (SRM) obtained from National Institute of Standards and Technology, NIST (NIST SRM 1598, Inorganic Constitution in Bovin Serum, 1989).
Statistical analysis
Statistical analysis was performed by SPSS for windows (SPSS Inc, 1997) . Subjects with either KWO or MAR were compared with non-malnourished controls. Means and standard error of means (s.e.m.) were calculated, and differences between means were assessed by one way analysis of variance (ANOVA). The strength of association between pairs of variables was assessed by Pearson correlation coef®cients. The level of signi®cance was set at P`0.05.
Results
Particulars of the study subjects including selected anthropometric measures are shown in Table 1 . Mean age difference between the control and the malnourished children was not signi®cant. The body mass index (BMI) was markedly reduced (P`0.001) in the presence of both KWO and MAR compared with that of the control subjects. Circumferences for head (HC), chest (CC) and mid upper arm (MUAC) were all signi®cantly reduced in children with MAR, while they were at control levels in those with KWO. The mean plasma proteins including albumin, RBP, and copper-containing ceruloplasmin were all signi®cantly lower in both KWO and MAR than those of their control counterparts ( Table 2 ). The albuminaglobulin ratio was also markedly reduced in the presence of malnutrition. These results are in parallel with the hematological parameters. Thus, the Hb and Hct levels as well as the total numbers of RBC were lower (P`0.05) in the malnourished compared with that of the well nourished children. The total numbers of WBC were, on the other hand, signi®cantly higher in the malnourished children than those of the control subjects.
The erythrocyte SOD activities in both KWO and MAR were signi®cantly higher than those of the control children (Table 3 ). The SOD is a Cu and Zn containing enzyme. The mean plasma concentrations of Cu and its carrier protein, ceruloplasmin, were signi®cantly decreased in malnourished children, while the plasma zinc levels remained unaffected in KWO and were elevated in MAR. Unlike the SOD activities in erythrocyte, the whole blood GPX activities in malnourished children were signi®cantly decreased compared with their control subjects. The GPX is a Se containing enzyme. Plasma levels of the trace element were decreased in parallel with the GPX activity in the presence of malnutrition. The plasma concentrations of Fe were signi®cantly higher in children with KWO than the marasmic and control children (Table 3) .
A select group of vitamins, known to have antioxidant activities, were measured. These include the vitamins A, E and C. The mean plasma levels of these vitamins were signi®cantly lower in children with either KWO or MAR than those of the non-malnourished children (Table 4 ). The depressed plasma retinol concentrations in malnourished children were in parallel with the plasma levels of RBP, which is a carrier protein for the vitamin A ( Table 2) .
Discussion
In recent years, reactive oxygen species (ROS-s) has been implicated in the pathogenesis of many conditions including PEM-associated oedema or anaemia (Golden & Ramdath, 1987; Sive et al, 1993) . Normally, ROS-s are removed by Copper-zinc superoxide dismutase (Cu ± Zn, SOD). This enzyme catalyzes the dismutation of two superoxide radicals (O 2 ) into hydrogen peroxide (H 2 O 2 ) (Golden & Ramdath, 1987) and prevents radical mediated chain oxidation of reduced glutathione (GSH), thereby enabling GSH to act physiologically as a radical scavenger (Munday & Winterbourn, 1989) .
In this present study, we examined the status of both enzymatic and non-enzymatic antioxidant parameters in a select group of children with and without PEM. Cu and Zn are integral parts of SOD enzyme. Unlike the trace elements, over 40% of malnourished children with KWO and MAR exhibited an increase in SOD activity compared with their control subjects. These results are somewhat different from others, who reported either decrease (Golden & Ramdath, 1987) or no change (Sive et al, 1993; Houssaini et al, 1997) in the presence of PEM. Our results, however, are in agreement with experimental studies showing a signi®cant increase in red cell SOD in rats with PEM (Rana et al, 1995) .
Biochemical evidence of Zn and Cu de®ciencies has been reported in children with PEM (Sive et al, 1993) . Such evidence has also been provided by the present study, with reference to Cu but not Zn. Therefore the children with MAR had plasma levels of Zn either unaffected or elevated, while Cu status was depressed in malnourished children. The present study, however, failed to demonstrate any positive correlations between the trace elements and SOD activity in children with either KWO or MAR; these results are in agreement with Houssaini et al, (1997) .
Plasma usually contains 100 mg Cuadl (Subotzky et al, 1992) , and about 95% of Cu is ®rmly bound to ceruloplasmin (Hansen & Lehman, 1969) . In this present study, the circulatory levels of both Cu and its carrier protein were reduced in the presence of either KWO or MAR. This reduction especially of the ceruloplasmin, may be due to its excessive loss or destruction or its inability to synthesis. Indeed, children with both forms of PEM were severe hypoalbuminemic. Both albumin and ceruloplasmin have been claimed to play a major role in copper transport, where albumin is involved in the transport of ingested copper to the liver (Vertongen et al, 1981) . In this respect, a signi®cant positive correlation was found between Results are expressed as mean AE s.e.m. Letters not shared on each horizontal column show signi®cance (P`0.05) as analyzed by ANOVA.
Antioxidant status and protein-energy malnutrition MN Ashour et al ceruloplasmin and albumin in both KWO and MAR (r 0.66, P 0.001; r 0.69, P 0.002; respectively). Unlike Cu, the plasma levels of Zn remained unaffected in KWO but increased in the presence of MAR, when compared with the control children. These results are in contrast with others (Subotzky et al, 1992) , who reported a reduced Zn status in the presence of PEM. It is thought that gross hypoalbuminaemia may contribute to the lower level of zinc. In addition, oedema¯uid has been found to contain substantial amount of zinc. Since, oedema¯uid contains nearly 1% protein, and 90% of plasma zinc is protein bound, the loss of zinc into the interstitial compartment is yet another factor which might have contributed to the low levels of plasma zinc (Kumar & Rao, 1973) . This may explain why plasma Zn level being higher in MAR with no oedema than in KWO with oedema. It is noteworthy that the plasma zinc level in the control children without any apparent manifestation of malnutrition was 65% of the expected values (Hansen & Lehman, 1969) , re¯ecting dietary Zn de®ciency, and yet they were neither gross hypo-albuminaemic nor hypoproteinemic. It has been reported that the SOD activity was never found to have a protective effect by itself but in the presence of catalase and selenoenzyme glutathione peroxidase (GPX) (Machlin, 1991) . Like catalase the main function of GPX enzyme is to prevent abnormal accumulation of hydrogen peroxide (Halliwell & Gutteridge, 1990) and that selenium (Se) is thought to function as an integral part of the enzyme (Vertongen et al, 1981) . Mean whole blood GPX activity was signi®cantly depressed in parallel with plasma Se in PEM children compared with control subjects. These results are in agreement with others (Golden & Ramdath 1987; Ahmed et al, 1990; Subotzky et al, 1992; Sive et al, 1993) . During GPX de®ciency, hydrogen peroxide that escapes dissipation may metabolize by catalase enzyme. This may be due to the presence of suf®cient catalase enzyme in PEM children (Sive et al, 1993) .
Mean plasma iron concentrations in our KWO children were signi®cantly increased than those of control and marasmic children. A signi®cant concentration of free or loosely bound iron has been observed in severely oedematous children using bleomycin detectable iron (BDI) technique (Dempster et al, 1995) . In malnourished children, especially in KWO, plasma iron concentrations were reported to be either normal or overloaded (Golden & Ramdath, 1987) . This may be a consequence of an increased transferrin saturation and hence the reduction in the capacity to deal with an iron overload (Halliwell & Gutteridge, 1990) . It is possible that free iron or loosely bound iron acts as a redox catalyst, particularly as the synthesis of transferrin and other iron-binding protein are impaired (Dempster et al, 1995; Golden & Ramdath, 1987) . In addition, low plasma level of ceruloplasmin in PEM children may decrease the binding of iron with transferrin. The low concentrations of iron binding proteins may explain the elevated levels of Fe in children with KWO found in the present study. It is noteworthy that the present study also revealed a reduction in GPX activity among the children with KWO. The elevated plasma Fe concentrations in the presence of a reduced level of GPX activity may be a contributing factor for an increased generation of hydroxyl radical.
In order to provide further evidence of the antioxidant status in malnourished children, a select group of vitamins with antioxidant capacities were determined. These vitamins included vitamins A, C and E. The plasma concentrations of these vitamins were all markedly depressed in the presence of KWO and MAR. The existence of biochemical evidence of antioxidant vitamins have also been reported by others (Laditan & Ette; 1982 , Adelekan et al, 1991 Becker et al, 1994) .
Vitamin A de®ciency has long been recognized as a complication of PEM (Smith et al, 1973) . It has been suggested that PEM interferes with hepatic synthesis of RBP and that its release from the liver depends on the availability of vitamin A (Jain et al, 1990) . According to our study, the children with either KWO or MAR are associated with subnormal plasma concentrations of vitamin A and RBP. These results are in agreement with others (Sandstead et al, 1965; Adelekan et al, 1991; Bluhm et al, 1993; Hussain et al, 1996; Goetgthebur et al, 1996) . In fact, 12% of KWO and 26% of marasmic children in our study population had a serum retinol concentration less than 0.35 umolaL, the values considered to re¯ect depletion of liver stores .
Conclusions
The red cell SOD activity is increased while the whole blood GPX is decreased in the presence of either KWO or MAR. The children with PEM are also accompanied by decreased plasma concentrations of ceruloplasmin and vitamins A, C and E. These results point to the fact that children with PEM are potentially susceptible to high oxidative stress. Overall, the susceptibility to the oxidative stress is more pronounced in children with KWO than in those with MAR.
